Introduction
Different levels of gene expression from independent transformants are frequently observed in eukaryotes. Variability of transgene expression has been attributed to several factors, including differences in chromosome position, repeat sequences and copy number (Matzke and Matzke 1998 , Kooter et al. 1999 , Selker 1999 .
Chromatin structure at the site of integration can positively or negatively affect transgene expression; this phenomenon is referred to as the position effect (summarized by Wakimoto 1998 , Wallrath 1998 . Similar epigenetic phenomena are also associated with non-transgenic loci, such as position-effect variegation and paramutation (Hollick et al. 1997 , Wakimoto 1998 ). The eukaryotic genome can be divided in two major chromatin states, euchromatin and heterochromatin. Heterochromatic domains are in general inaccessible to DNAbinding factors and are transcriptionally silent. Euchromatic domains, in contrast, define more accessible and transcriptionally active portions of the genome. Large blocks of heterochromatin surround functional chromosome structures such as centromeres and telomeres, whereas smaller heterochromatic domains are interspersed throughout the chromosome (Grewal and Elgin 2002) . A consequence of this chromosome structure is that randomly integrated transgenes can show variable levels of expression.
In plants, variability of transgene expression is also frequently observed. Plant transformation methods, such as Agrobacterium-mediated transformation and direct gene transfer, do not allow the introduction of a defined number of transgenes into the genome. Therefore, one or multiple intact or rearranged gene copies can integrate at one or multiple unlinked loci, and gene silencing frequently occurs. Tandemly repeated transgenes at the same locus are often silenced in plants, a phenomenon named repeat-induced gene silencing (RIGS) (Assaad et al. 1993) . Similar phenomena have also been reported in Drosophila and mice (Sabl and Henikoff 1996, Garrick et al. 1998) . The effect of copy number on transgene expression is described as homology-dependent gene silencing (HDGS) (Kooter et al. 1999) . HDGS is a ubiquitous phenomenon among plants, fungi and animals, and can be triggered and affect artificially introduced nucleic acid molecules, both DNA and RNA, and/or act on endogenous duplicated sequences. Active transgenes can also become silent when brought into the presence of an unlinked silenced homologous transgene (Matzke et al. 1989 , Vaucheret 1993 . The silencing of one locus by another is defined as trans-inactivation. Mechanisms involving DNA-DNA, RNA-RNA and RNA-DNA interactions have been implicated in these processes (Selker 1999) . The abundant accumulation of mRNA causes post-transcrip-tional gene silencing (PTGS). In PTGS, transcription is maintained, but a specific mRNA is degraded (Vaucheret et al. 1998) . PTGS has frequently been observed when transgenes were introduced under the control of a strong promoter, and small interfering RNAs (siRNAs) are a hallmark of silenced lines. These gene silencing effects result in a high degree of variation in transgene expression levels in independent transgenic plants, and almost complete inhibition of transgene expression frequently occurs. Therefore, it is difficult to demonstrate directly that the position effect is responsible for the observed variations in transgene expression.
In this study, we investigated transgene expression as related to varied chromosome positions in Arabidopsis thaliana. The experimental strategy was designed to remove many of the variables that have been implicated in gene silencing in other systems, e.g. repeat sequences and multiple transgene copies. Several transgenic Arabidopsis plants containing a single 'complete' (intact, non-truncated, non-rearranged) copy of a transgene were needed to control these factors effectively. We transformed Arabidopsis plants with pBI121 containing the cauliflower mosaic virus (CaMV) 35S promoter-β-glucuronidase (GUS) gene (CaMV35S-GUS) and nopaline synthase (NOS) promoter-neomycin phosphotransferase (NPTII) gene (NOS-NPTII) using Agrobacterium-mediated transformation. We quantitated GUS activity in 57 randomly selected transgenic Arabidopsis T1 plants; the level of GUS activity was highly variable. We carefully selected 10 lines containing single complete copies of the transgene located at different chromosome positions for further study. All single complete copy homozygous T3 plants possessed extremely high levels of GUS activity, and variability of transgene expression was not observed. This result indicates that position effects may not generally be a major cause of variability of transgene expression in Arabidopsis thaliana.
Results
Transgene expression varies between different, independently generated, transgenic Arabidopsis T1 plants
We transformed A. thaliana plants with pBI121 plasmids using an Agrobacterium tumefaciens-mediated transformation. Transgene expression was evaluated by quantitation of GUS activity. To minimize the influence of environmental conditions, all plants were grown in a fully controlled incubator. Seedlings were germinated in the presence of kanamycin for 24 d and transferred to medium in the absence of kanamycin for 12 d, GUS activity in the leaf was then measured. A uniform size piece of leaf was always taken from the same position on the plant. We quantitated the GUS activity of 57 randomly selected transgenic Arabidopsis T1 plants (Fig. 1) . The level of GUS activity was highly variable. Thirty-one lines exhibited no or very weak GUS activity (0-500 pmol min Gordon-Kamm et al. 1990 , Peach and Velten 1991 , Busing and Benbow 1994 , Allen et al. 1996 , Mlynarova et al. 1996 .
Isolation of transgenic Arabidopsis plants containing a single transgene copy Agrobacterium tumefaciens-mediated transformation is widely used to introduce genes into plants. Independently generated transgenic plants may differ in copy number and sites of transgene integration. To estimate the number of transgene integrations in transgenic Arabidopsis T1 plants, about 200 seeds of primary transformants were plated on kanamycin-containing medium to determine the segregation of the selectable marker NPTII gene. Approximately 60% (34 out of 57) of the transgenic lines did not segregate, suggesting that these lines contained multiple sites of transgene integration. Only transgenic lines whose progeny showed Mendelian characteristics were subjected to Southern blot analysis. Genomic DNA from each transgenic line was digested with BamHI or EcoRI and hybridized with the GUS DNA probe or NPTII DNA probe to reveal the number of integrated transgene copies (Fig. 2) . Single bands were detected in six lines (17, 24, 28, 32, 34 and 37) , using GUS and NPTII DNA probes, suggesting that these lines contained single copies of the T-DNA. Conversely, multiple bands were detected in 16 lines (18, 19, 25, 26, 27, 30 and 35 are shown in Fig. 2 ; the other lines are not shown), suggesting Fig. 1 The distribution of GUS expression in 57 randomly selected transgenic Arabidopsis T1 plants. We quantitated GUS activity in 5-week-old plants. Crude extracts were prepared from leaf, and GUS activity was measured by a fluorescent assay using 4-methylumbelliferyl glucuronide as a substrate. GUS activity is expressed in pmol of 4-methyl umbelliferone per mg of protein. The values 0-500, 501-5,000, 5,001-10,000 and >10,001 indicate the range of GUS activity. Variability of transgene expression in Arabidopsis thaliana 440 that these lines contained multiple copies of the transgene on one locus or near the same locus.
Transgene copy number was normalized to total genomic DNA input. The relative levels of GUS or NPTII signals were calculated from the band intensities normalized to the signal intensities of the endogenous single copy gene that served as internal controls. Similar levels of signal were observed, suggesting that all six transgenic plants had the same transgene copy number per genome (data not shown). All of these single copy transgenic plants exhibited extremely high GUS activity (>10,001 pmol min -1 (mg protein) -1 ). On the other hand, a random set of transgenic lines carrying different copy numbers of the T-DNA revealed very large differences in GUS activity (0 to >10,001 pmol min -1 (mg protein) -1 ); in particular, 31 lines were silenced. We did not carry out a detailed analysis, hence it is unclear how these lines are silenced. In line 38, two bands were detected using the GUS DNA and NPTII DNA probes. The intensities of these two bands differed, suggesting that line 38 contained a truncated transgene (Fig. 2, arrowheads) . This line exhibited very weak GUS activity (430 pmol min
).
Identification of genomic DNA sequences flanking T-DNA sequences of single copy transgenic plants
For the six transgenic lines displaying single hybridization fragments, genomic sequences flanking the T-DNA were isolated using inverse polymerase chain reaction (IPCR). IPCR analysis was carried out for both borders. Sequences derived from five lines were of sufficient length and quality to determine the position of integration in the Arabidopsis genome. Line 34 genomic sequences adjacent to the left border were not amplifiable in the IPCR. Thus, this line was not used in the following analysis. We isolated another five transgenic lines (74, 75, 89, 91 and 125 ) with a single copy transgene from different transformation experiments using the same process (data not shown). Finally, 10 transgenic Arabidopsis lines containing single T-DNA copies were obtained. Mapping of the T-DNA flanking sequences on the sequence maps of the Arabidopsis chromosome revealed that the insertions were found on all five chromosomes (Fig. 3) . Estimates of restriction fragment size digested with BamHI and EcoRI in each line were consistent with the results of the hybridization signals. This result indicates that these transgenic lines contain a single 'complete' (intact, non-truncated, non-rearranged) copy of a transgene. Transgenic plants containing T-DNA integrated into typical sites of heterochromatin structure, e.g. telomere and centromere, were not obtained. GUS activity and transcript levels in single complete copy homozygous T3 plants
We quantitated GUS activity in independent single complete copy homozygous transgenic lines (Fig. 4A, B) . GUS activity was assessed in two T3 progeny from homozygous T2 plants. Seedlings were germinated in the presence of kanamycin for 12 d, transferred to medium in the absence of kanamycin for 15 d, then GUS activity was assessed in four plants from each T3 line. All lines possessed extremely high levels of GUS activity, ranging from 13,000 to 19,000 pmol min -1 (mg protein)
-1 (Fig. 4A) . The average GUS activity and SD in these lines was 15,000 ± 1,800 pmol min -1 (mg protein) -1 . Fig. 4B shows the GUS activity of single complete copy transgenic lines from a second transformation experiment. Similar results were obtained; all lines possessed extremely high levels of GUS activity, ranging from 11,000 to 16,000 pmol min -1 (mg protein) -1 . The average GUS activity and SD in these lines was 13,000 ± 1,600 pmol min -1 (mg protein) -1 . The variance in GUS activity in each of these two populations was strongly dependent on the mean; therefore, expression variability within each population was assessed using the coefficient of variation (CV = SD/mean). CVs between the two populations were not significantly different, 11.9 and 12.6, respectively. These results indicate that the GUS activity in these lines was nearly identical and did not vary. The level of average GUS activity of the first transformed lines (Fig. 4A ) was slightly higher than that of the second transformed lines (Fig. 4B) . GUS activity was greatly affected by cell viability, and these differences are thought to be attributable to plant growth conditions. The inserted transgene in line 125 localized to a region 760 kb from the telomere of chromosome I, and GUS activity was similar to that of other lines. A telomeric heterochromatic effect was not detected in this line. Fig. 4C shows the GUS and NPTII transcript levels of each line. RNA was prepared from 1 g of seedlings grown under the same conditions as plants used for the GUS assay (Fig. 4A, B) . A 1 µg aliquot of poly(A) RNA was electrophoresed and hybridized with the GUS, NPTII and actin DNA probe. The relative levels of GUS and NPTII transcripts were normalized to actin transcript levels, and similar levels of signal were detected among the five lines. Taken together, these data suggest that the CaMV35S-GUS and NOS-NPTII genes located on different chromosomes were equally expressed in these lines, and variability of transgene expression was not observed. Line 38, containing a truncated transgene (Fig. 2) , was silenced, as transcripts of GUS and NPTII were difficult to detect (Fig. 4C) .
Discussion
Transgene expression is notoriously variable between different, independently generated, transgenic plants. In this study, we investigated whether position effects confer variability of transgene expression in A. thaliana. We transformed Arabidopsis plants using A. tumefaciens-mediated transformation. The 51 multiple copy transgenic T1 plants exhibited highly variable GUS activity ranging from 0 to > 10,001 pmol min -1 (mg protein)
-1 , and variability of transgene expression was also observed. On the other hand, 10 single complete copy transgenic T3 plants showed nearly identical GUS activity (Fig. 4A,  B) , and similar levels of GUS and NPTII transcripts were observed (Fig. 4C) . Variability of transgene expression in these plants was not observed; there was no indication of position effects.
A transcription map for the entire Arabidopsis genome was determined, and showed that the five chromosomes were equally transcriptionally active (Yamada et al. 2003 ). The majority of the Arabidopsis genome is euchromatic and may be transcriptionally neutral and, consequently, not influence transgene transcription levels. The tobacco genome is very large, and is thought to differ from that of A. thaliana in terms of the degree of repetitive sequences and gene density. Variability of single copy transgene expression was also studied in transgenic tobacco plants produced by the insertion of T-DNA from pBI121 (Hobbs et al. 1990 ). Four independent transgenic tobacco lines containing a single copy of the transgene located at different chromosome positions showed similar levels of GUS activity; variability of transgene expression was not observed. However, Hobbs et al. did not identify genomic DNA sequences flanking the T-DNA, thus transgene expression in euchromatic or heterochromatic regions was not clear. We did not obtain transgenic lines containing the T-DNA integrated into typical heterochromatin structures such as telomeres and centromeres, and all insertions were not found near repetitive sequences, hence, our conclusion is only valid for a particular situation, i.e. transgenes inserted into euchromatin and driven by the CaMV 35S or NOS promoter. Therefore, transgene expression in heterochromatic regions was still unknown. On the other hand, it was reported that the chromosome position was important for the expression of transgenes contains the CaMV 35S promoter-hygromycin phosphotransferase gene, and the commelina yellow mottle virus promoter-GUS gene was inserted precisely into two different targeted loci on the chromosome by Cre-lox-mediated recombination; the absolute levels of GUS expression varied up to 10-fold (Day et al. 2000) . However, we do not know whether the targeted loci are heterochromatic regions or not. Although analysis of single copy transgene expression in heterochromatic regions is necessary for understanding the influence of chromatin structure on transgene expression, it may be difficult to analyze the transgene expression in heterochromatic regions by transgenic studies. All lines are identified using antibiotic selection; it may be possible that transgenic plants which are silenced or have very low expression levels are not recovered and hence are not subjected to the analysis.
We investigated transgenes under the control of the CaMV 35S promoter and the NOS promoter; the chromatin structure at the site of integration neither stimulated nor inhibited transcription of both promoters (Fig. 4C) . It is not clear whether similar observations will also be made if a weaker promoter is used to drive the expression of the transgene. It is possible that expression of a transgene driven by a weaker promoter will be more strongly influenced by the chromatin structure; further analysis will be needed.
Expression of a single copy antibody transgene driven by the CaMV 35S promoter was post-transcriptionally silenced in Arabidopsis (De Wilde et al. 2001) . De Wilde et al. suggested that silencing may be initiated by the overproduction of intended or unintended RNA species. Silencing of a single copy of the CaMV 35S promoter with a double enhancer of the pea rbcS 9C gene was also reported in tobacco (Elmayan and Vaucheret 1996) . Frequently, transgene loci are silenced exclusively or more efficiently when present in a homozygous state (summarized by Vaucheret et al. 1998) . HDGS or PTGS are thought to occur with increasing transgene copy number or transcript levels. However, elevated transcript levels in homozygous plants have been reported (summarized by De Wilde et al. 2000) . In our study, all single complete copy transgenic lines exhibited high transgene expression, regardless of whether it was present in hemizygous or homozygous lines, and GUS activity in the homozygous lines was about twice that in hemizygous plants (data not shown). Among the 20 progeny of the homozygous lines, GUS activity was examined by histochemical staining. GUS activity was detected in all transgenic lines, and their staining pattern was highly consistent (data not shown). We also calculated that about 200 seedlings of the 10 homozygous T3 lines were sensitive to kanamycin due to silencing of the NPTII gene, and silencing was not observed in all lines. Moreover, GUS activity in the F3 homozygous plants generated by genetic crosses between line 24 and line 37 was twice that in their parental homozygous lines (our unpublished data). Our results indicate that silencing did not occur in plants possessing four copies of the CaMV35S-GUS and NOS-NPTII genes in A. thaliana. However, it has been reported that silencing of the CaMV35S-GUS gene was observed in transgenic plants harboring three or four copies (Lechtenberg et al. 2003 , Schubert et al. 2004 . These results conflict with our result. It is possible that the transgene structure may affect the copy number at which silencing was triggered; further analysis will be needed.
To conclude, we observed similar levels of transgene expression in all single complete copy transgenic Arabidopsis plants surveyed. In transgenic plants identified using antibiotic selection, variability of transgene expression is frequently observed. Position effects have often been claimed to play a role with respect to the variability of transgene expression. There is no unambiguous experimental evidence available that this is the case in plants. Recently, it was reported that 12 independent transgenic lines harboring a single copy of the CaMV35S-GUS gene showed high and stable expression; characterization of 132 independent transgenic lines revealed no case of silencing as a result of the site of T-DNA integration (Schubert et al. 2004) . These results were similar to our results. Moreover, Butaye et al. (2004) showed that stable, high level transgene expression is obtained using PTGS mutants. These findings support the proposal that position effects may not generally be a major cause of variability of transgene expression in A. thaliana.
Materials and Methods

Plant materials and culture
Wild-type Arabidopsis thaliana (Col-0) and transformed lines were grown as described (Dangl et al. 1991) . Transgenic lines were generated in the wild-type genetic background Colombia.
Agrobacterium-mediated transformation of Arabidopsis thaliana
Transgenic Arabidopsis plants were generated using Agrobacterium-mediated transformation. pBI121 vector (Clontech, Palo Alto, CA, U.S.A.) was used in the transformation experiments. The vector was introduced into A. tumefaciens strain EHA105. The in planta transformation method was used (Clough and Bent 1998) . Transformed plants were selected on half Murashige and Skoog (MS) medium containing 25 mg l -1 kanamycin and 100 mg l -1 carbenicillin. Segregation of the NPTII gene was performed by germinating seedlings of transgenic Arabidopsis on half MS medium containing 25 mg l -1 kanamycin and 100 mg l -1 carbenicillin and scoring for resistance to kanamycin.
GUS assay
Leaves were homogenized in an electric homogenizer (S-205, Ikeda Scientific Co. Ltd, Tokyo, Japan) in 0.5 ml of GUS lysis buffer (0.1% Triton X-100, 0.1% sarcosyl, 10 mM EDTA, 10 mM 2-mercaptoethanol, 50 mM potassium phosphate buffer, pH 7.0) at 0°C for 1 min. The slurry was centrifuged at 23,000×g for 10 min at 0°C. The supernatant was then used as a crude enzyme solution. The assay for GUS activity was performed as described (Jefferson et al. 1987) . GUS activity is expressed in pmol of 4-methyl umbelliferone per mg of protein.
Southern blot analysis
Genomic DNA was prepared by the CTAB (cetyltrimethyl ammonium bromide) method. A 1 µg aliquot of genomic DNA was digested with restriction enzymes, separated by electrophoresis on a 1% agarose gel, and transferred onto a nylon membrane (Hybond-N+, Amersham, Buckinghamshire, U.K.). To isolate GUS DNA fragments containing the entire GUS coding region, a BamHI-SacI restriction fragment from plasmid pBI221 (Clontech, Palo Alto, CA, U.S.A.) was cloned into BamHI-SacI-cut pUC19. To obtain a NPTII DNA fragment containing the entire NPTII coding region, pBI121 was a substrate for PCR amplification using oligonucleotides 5′-atgattgaacaagatggattgcacgcaggt-3′ and 5′-tcagaagaactcgtcaagaaggcgatagaa-3′. To obtain an actin DNA fragment containing 400 bp of the 3′ coding region, genomic DNA was used as a substrate for PCR amplification using oligonucleotides 5′-ctaagctctcaagatcaaaggctta-3′ and 5′-ttaacattgcaaagagtttcaaggt-3′. The amplified DNA fragments were cloned into the HincII site of pUC19. The resulting plasmids were used as substrates for PCR amplification with oligonucleotides M13 -20 primer (5′-gtaaaacgacggccagt-3′) and M13 reverse primer (5′-ggaaacagctatgaccatg-3′), and amplified DNA fragments were used as probe DNAs. The membrane was hybridized with probe DNA, labeled with [α-32 P]dCTP using a BcaBEST Labeling Kit (Takara Shuzo Co. Ltd., Kyoto, Japan), washed once with 2× SSC and 0.1% SDS, followed by a final wash with 1× SSC and 0.1% SDS, at 60°C for 15 min. The blot was visualized by exposure to X-ray film (New RX, Fuji Photo Film Co. Ltd., Tokyo, Japan).
Northern blot analysis
Poly(A) RNA was selected by oligo(dT) cellulose. A 1 µg aliquot of poly(A) RNA was separated by electrophoresis on a 1.5% agarose-16% formaldehyde gel, and transferred onto a nylon membrane (Hybond-N+, Amersham). The hybridization was carried out as described above.
Inverse polymerase chain reaction (IPCR)
IPCR was used to amplify genomic DNA sequences flanking the T-DNA (Thomas et al. 1994) . BamHI-digested genomic DNA was ligated and the resulting circles served as substrates for PCR amplification of sequences adjacent to the left border with oligonucleotides Bam-F1 (5′-gttacccaacttaatcgccttgcag-3′) and Bam-R1 (5′-ctgatcaattccacagttttcg-3′). Genomic DNA digested with EcoRI was used as a substrate for PCR amplification of sequences adjacent to the right border. Oligonucleotides Eco-F1 (5′-aaacaatgaatcaacaactctcctg-3′) and Eco-R1 (5′-gttctgtcagttccaaacgtaaaac-3′) were used. The resulting PCR products were separated by electrophoresis on a 1% agarose gel, and the purified PCR fragments were ligated to pCRII-TOPO (Invitrogen Corp., Carlsbad, CA, U.S.A.), and subsequently their sequences were determined. The sequences of the PCR fragments were used for a BLAST analysis to identify homologous sequences in the Arabidopsis genome.
